We study the angular distribution of the solar wind magnetic field vector at 1 AU and its solar cycle dependence using ACEobservations. A total of twelve27.27 day(the duration of a solar rotation) intervals during the solar maximum, the solar minimum, as well as the ascending and descending phases of solar cycle 23 are examined. For all selected intervals, we obtain the angular distribution function a t f ( ), where α is the angle between the instantaneous solar wind magnetic field vector and the average background magnetic field vector, and τ is the period length for the averaging. Our results show that in all periods a t f ( ) has two populations, one at small angles and one at large angles. We suggest that the second population is due to the presence of current sheets in the solar wind. The solar-cycle dependence of a t f ( ) and a τ-scaling property of the second population of a t f ( ) are discussed. The τscaling shows a clear dependence on the solar wind type. The implication of a t f ( ) for particle acceleration at interplanetary shocks driven by coronal mass ejections, such as those in solar energetic particle events, is also discussed.
INTRODUCTION
The solar wind, as an example of a collisionless plasma, provides aunique opportunity to study MHD turbulence because significant amounts of data from many spacecraft (e.g., Voyager, Helios, Ulysses, wind, ACE) are available.
A complete understanding of solar wind MHD turbulence requires an understanding of the various structures in the solar wind. One common structure in the solar wind is a current sheet, a two-dimensional structure acrosswhich the vector magnetic field changes. Structures such as tangential discontinuities and rotational discontinuities are both examples of current sheets. A current sheet is an important form of solar wind MHD turbulence intermittency. They can affect the behavior of the power spectrum of solar wind magnetic-field fluctuations (Ruzmaikin et al. 1995; Borovsky 2010; Li et al. 2011) , leading to either a Kolmogorov-like (Kolmogorov 1941) or an Iroshnikov-Kraichnan-like (Iroshnikov 1964; Kraichnan 1965) spectrum, depending on the occurrence rate of current sheets (Li et al. 2011) .
The origin of current sheets is heavily debated in the literature. On one hand, numerical simulations (Chang et al. 2004; Zhou et al. 2004) and observations (Vasquez et al. 2007; Greco et al. 2008 Greco et al. , 2009 ) have shown that current sheets, withboth small angles and large angles, can emerge through nonlinear interactions in MHD turbulence; on the other hand, Bruno et al. (2001 Bruno et al. ( , 2007 and Borovsky (2008) suggested that the large-angle current sheet population may originate from the surface of the Sun and are the boundaries of flux tubes. A similar idea has been proposed by Tu & Marsch (1991) , who suggested that solar wind turbulenceis composed of various MHD waves and structures that convect outward from the Sun.
More recently, as an attempt to examine if some current sheets in the solar wind have a solar origin, Li et al. (2008) compared current-sheet-like structures in the solar wind and in the Earth's magnetotail using a procedure developed in Li (2008) . They found that, unlike the solar wind, there was no clear signature of a large-angle population of current sheets in the Earth's magnetotail. This finding supports the notion that some current sheets in the solar wind are boundaries of flux tubes that have a solar origin. Using Ulysses observations, Miao et al. (2011) confirmed that the distribution of the angle between two magnetic field vectors at two different times has two populations, agreeing with the result of Borovsky (2008) .
The results of Borovsky (2008) and Miao et al. (2011) , while being consistent with the scenario that the solar wind consistsof flux tubes, cannot rule out the possibility that these structures are generated in situ. Using a numerical simulation of MHD turbulence, Zhdankin et al. (2012a Zhdankin et al. ( , 2012b examined the same kind of angular distribution as in Borovsky (2008) and Miao et al. (2011) . They found that the distribution function from their simulation, in a broad range of θ, also exhibits an exponential decay behavior, with the characteristic angle q 0 that regulates the decay controlled by the ratio of the root mean squre of the turbulent field to the background field, b rms /B 0 . Choosing b rms /B 0 , Zhdankin et al. (2012a Zhdankin et al. ( , 2012b reproduced distribution functions similar to the large-angle populations obtained in Borovsky (2008) and Miao et al. (2011) . To explain the small-angle populations found in Borovsky (2008) and Miao et al. (2011 ), Zhdankin et al. (2012a , 2012b proposed that the small-angle population is produced by a second kind of turbulence that is associated with neardissipation-scale turbulence and only emerges when the interval between measurements is small.
Regardless the origin of the current sheets, the above works suggest that the solar wind magnetic field vector experiences sudden changes across current sheets from time to time. Clearly, the presence of these current sheets will affect the angular distribution a t f ( ) of the solar wind magnetic field direction, where α is the angle between the instantaneous solar wind magnetic field vector and the time-averaged background magnetic field vector, with τ the duration for the averaging. The presence of current sheets can also affect the transport of energetic charged particles. Qin & Li (2008) investigated the behavior of energetic particles in the presence of current sheets using a cell solar wind model. They found that the presence of current sheets can effectively restore a nondiffusive motion perpendicular to the background magnetic to a diffusive one. Furthermore, both the parallel and perpendicular diffusion coefficients k || and k^depend on the frequency of the current sheets in the solar wind.
The fact that the presence of current sheets can affect the transport of energetic particles also implies that it can affect the particle acceleration process at a coronal mass ejection (CME)-driven shock in solar energetic particle (SEP) events. At a propagating CME-driven shock, particles are believed to be accelerated via the diffusive shock acceleration (DSA) mechanism (e.g., Axford et al. 1977) . In the DSA, charged particles scatter between the upstream and downstream of a shock by magnetic turbulence and gain energy upon each traversal of the shock. The efficiency of the acceleration and in particular the maximum achievable energy at the shock depends crucially on the shock obliquity angle q BN , which is the angle between the upstream magnetic field and the shock normal (see the discussion section for details). Many existing models of SEPs (e.g., Li et al. 2005 Tylka & Lee 2006; Verkhoglyadova et al. 2009 Verkhoglyadova et al. , 2010 le Roux & Webb 2012) often assume a fixed shock obliquity to obtain, for example, the energetic particle spectrum. However, if current sheets exist and the (background) solar wind magnetic field direction can experience sudden changes, then the above assumptions need to be revised and the models improved. Miao et al. (2011) found that the occurrence rate of current sheets differs between solar maximum and solar minimum. This is possible if the occurrence rate depends on the solar wind speed. Alternatively, this dependence may be due to the difference insolar wind type. Zhao et al. (2009) have developed a scheme of solar-wind-type categorization using the ratio of O 7+ /O 6+ and the solar wind speed V sw . Recently, Xu & Borovsky (2014) have developed a new three-parameter algebraic scheme to categorize the solar wind at 1 AU. Their scheme depends on the measurement of four quantities: the proton number density n p , the proton temperature T p , the magnetic field strength B, and the solar wind speed v sw . They have tested their scheme and found that the new scheme is in reasonable agreement with that in Zhao et al. (2009) during a solar maximum, but it provides a better categorization during a solar minimum, for which Zhao et al. (2009) predict a higher coronal wind and lower fractions of streamer belt wind and ejecta wind.
In this work, using ACE observations, we examine a t f ( ) at 1 AU during a solar maximum, a solar minimum, and ascending and descending periods. In particular, we are interested in understanding the effect of current sheets on a t f ( ).
DATA SELECTION AND ANALYSIS
We use ACE 1 s magnetic field data in this study (Smith et al. 1998 ). We select a total of 12 intervals from 1998 to 2009 in solar cycle 23. Each period has a duration of ∼27.3 days, corresponding to one solar rotation. These intervals are shown in Figure 1 as the color bars. The curves with squares(in blue) and circles(in red) in Figure 1 Table 1 . Column 4 of Table 1 is the total number of data points in each period for the analysis. Columns 5-8 of Table 1 are fitting parameters A, a 1 , C, and a 2 given in Equation (4). Column 9 of Table 1 is the fitting goodness. Column 10 of Table 1 is a = k C 2 , as given by Equation (5). The last three columns of Table 1 are R ej , R CH , and R SB . These are the percentage of ejecta wind, corona holewind, and streamer belt wind in each period. We discuss them below.
The average magnetic field á ñ t B t ( ) is obtained by
where τ is the timescale for the average, andN is the number of data points in the period of
1
We have used the subscript τ in the above equation to remind us that a t t ( ) is τdependent. The probability density function a 
Equation (4) suggests that, apart from a constant (-N ln total ), ln f can be decomposed into two populations:one is a Gaussian and the other is an exponential decay. Note that the exact functional form of the fitting, especially at small angles, is not the central focus of this study. This fitting form is chosen mainly to signify the fact that the distribution has two populations. In the figure, the data are shown as the filled cyan circles,the Gaussian component is shown as the black curve, and the exponential decay component is shown as the green curve. The sum of the two is shown in red. Clearly, the exponential decay component dominates for all α. However, when α < α 1 , including the Gaussian component is necessary to obtain a reasonable fit. The presence of the Gaussian components demonstrates the fact that a t f ( ) decays faster at small αthan at large α.
Consider now panel 
This exponential decay population of f(α) is the main focus of this paper. Panels (b), (c), and (d) of Figure 2 are similar to (a)but for intervals II, III, and IV, respectively. The fitting parameters are shown in Table 1 . As we can see from Table 1 , the fitting parameters A and α 1 differ considerably for these four intervals. On the other hand, the fitting parameters C and α 2 for these four intervals only differ slightly, suggesting that the second population of f(α) does not vary much with time. Figure 3 is similar to Figure 2but for intervals V-XII. Intervals V, VI, VII, and VIII are in the solar minimum period,intervals IX and X are in the ascending phase of solar cycle 23,and intervals XI and XII are in the descending phase of solar cycle 23.
As shown in Table 1 , for solar minimum intervals V, VI, VII, and VIII, the parametersα 2 are in the range 92.59°-98.90°. These values are larger than theα 2 for the solar maximum intervals I-IV. The parametersC(from 12.79 to 14.09) are slightly smaller than those for intervals I to IV. Consequently, casting the second exponential decay population into the form of Equation (5), we obtain the decay constantsk, which arealso shown in column Table 1. We can see that this population decays slower during thesolar minimum than during the solar maximum. For intervals in the ascending and descending phases of solar cycle 23, the α 2 are in between those of the solar maximum and minimum. Furthermore, there is no noticeable difference between the ascending phase and the descending phase.
Note that the average solar wind speed for the four periods in solar maximum (I, II, III, and IV) is 425 km s −1 . This is comparable to the average solar wind speed for the four periods (V, VI, VII, and VIII) in solar minimum, which is 430 km s −1 . This suggests that the difference in the decay rate cannot be due to the solar wind speed. However, it is well known that the origin of the solar wind varies largely from solar maximum to solar minimum. We therefore conjecture that this difference in the decay rate may be due to the difference in solar wind type. 
is the reduced coefficient of determination measuring the goodness of fit.
c k is the decay constant as defined in Equation (5) with a dimension of degree −1 .
It is now widely accepted that three major types of solar wind plasma exist:coronalhole wind, streamer belt wind, and ejecta wind. Coronal-hole wind is believed to originate from interaction regions between open field lines and closed loops on the floor of coronal holes (Sheeley et al. 1991; Cranmer 2009) . Because its speed is often faster, it was often referred to as the fast wind. Ejecta winds are associated with solar transients such as CMEs (Richardson et al. 2000; Zhao et al. 2009 ). Their temperatures tend to be higher. The origin of streamer belt wind is a subject of heavy debate. They may come from either (1) the interchange reconnection of open magnetic field lines with closed streamer-belt field lines (Fisk et al. 1999; Subramanian et al. 2010) , or (2) the edge of a coronal hole near a streamer belt (Arge et al. 2003) , or (3) from corridors of a coronal hole penetrating into streamer belt regions of the solar surface (Antiochos et al. 2011; Crooker & McPherron 2012) . Because its speed is often slower, streamer belt wind was often referred to as the slow solar wind. Turbulence in different types of solar wind can differ considerably. For example, coronal hole wind is believed to be more homogeneous than streamer belt wind, and turbulence in the coronal hole wind often appears to be more Alfvénic than in the streamer belt wind. Comparedto coronal hole wind and streamer belt wind, ejecta wind is often transient, so it is relatively hard to investigate its turbulence property. However, because CMEs often involve flux ropes and associated reconnections (Bemporad 2008) , it is conceivable that they containvarious magnetic structures, including current sheets.
Recently, Xu & Borovsky (2014) have developed a new scheme to categorize the solar wind at 1 AU. The parameters used in this scheme arethe proton number density n p , the proton temperature T p , the magnetic field strength B, and the solar wind speed v sw . In this work, we follow Xu & Borovsky (2014) to categorize the periods we examined. In Table 1 , we show the fraction of the different solar wind types for the intervals we examined, as determined using the scheme from the Xu & Borovsky (2014) study. As we can see from the table, the fraction of ejecta wind during solar minimum periods VI, VII, and VIII (but not V) are considerably smaller (∼10 times) than other periods. This may partially explain why thekvaluesin these periods are smaller. Indeed, thek values in the ascending/descending phases (periods IX, X, XI, XII) are similar to those in the solar maximum (periods IX, X, XI, XII). However, note that k for periods I and II are the same while R ej differ by a factor larger than two, so R ej may not be the direct cause of the difference of k in different solar cycle phases. Further detailed analyses on the solar cycle dependence of k is needed. However, this is beyond the scope of the current work.
We next examine how a t f ( ) depends on τ. In the left panel of Figure 4 , a + f N ln ( ) ln total for solar minimum period VII, for four different τ values, given by 300, 600, 1,200, and 2,400 s, are shown. We can see from the figure that the percentage of the second population increases as τ increases. The right panel of Figure 4 plots how α 2 varieswith τ. The range of τ is from 300 to 3,300 swith an increment of 300 s. For each τ, we fit f(α) using Equation (4). The fitted values of α 2 (in degrees) are 79.68, 95.08, 102.83, 109.37, 116.14, 123.92, 129.22, 137.88, 144.43, 149 .66, and 153.46, respectively. The right panel of Figure 4 shows α 2 as a function of τ. It can be seen that α 2 scales linearly with τ in the range of 1,000 t ⩽ ⩽ 3000 s. This linear τscaling of α 2 also exists for other intervals. Figure 5 plots α 2 as a function of τ for all 12 intervals examined in this study. The top panel is for the solar maximum, the middle panel the solar minimum, and the bottom panel for both the ascending and descending phases of solar cycle 23. The τ scaling is clearly shown in most of these plots for t >~1000 s. Note that period II seems to have two different scalings for t < 2000 and t > 2000 s. The scaling of period VIII for t > 2500 is violated. This τscaling is an important result from the observation. Any realistic solar wind turbulence model needs to be able to reproduce this scaling law.
SUMMARY AND DISCUSSIONS
In this work, we study the angular distribution f(α) of a solar wind magnetic field vector at 1 AU and its solar cycle dependence using ACE observations. We select a total of 12 intervals in solar cycle 23. These include a solar maximum, a solar minimum, and ascending and descending phases of solar cycle 23. The results are shown in Figures 2 and 3 .
In a broad range of α, the distribution function f(α) can be fitted by a functional formgiven by Equation (4). The distribution function has two populations, one at small angles and one at large angles. The large-angle population can be approximated by an exponential decay as in Equation (5). This population could be a consequence of the existence of current sheets in the solar wind. This can be understood in a similar manner as in Li (2008) , where the distribution function f(θ) of angle θ between two magnetic field vectors B at time t and t + t is obtained. In the work of Li (2008) , it was demonstrated that if a current sheet exists between t and t + t , then θ will likely be large, leading to the second population of q f ( ). In our case, if a current sheet exists within the period from which we obtain the background average magnetic field vector B 0 , then the angle α between the instantaneous B t ( ) with B 0 will likely be large, leading to the second population of f(α). 
